Little is known about key pathological events preceding overt neuronal degeneration in Parkinson's disease (PD) and ␣-synucleinopathy. Recombinant adeno-associated virus 2-mediated delivery of mutant (A53T) human ␣-synuclein into the substantia nigra (SN) under a neuron-specific synapsin promoter resulted in protracted neurodegeneration with significant dopaminergic (DA) neuron loss by 17 weeks. As early as 4 weeks, there was an increase in a dopamine metabolite, DOPAC and histologically, DA axons in the striatum were dystrophic with degenerative bulbs. Before neuronal loss, significant changes were identified in levels of proteins relevant to synaptic transmission and axonal transport in the striatum and the SN. For example, striatal levels of rabphilin 3A and syntaxin were reduced. Levels of anterograde transport motor proteins (KIF1A, KIF1B, KIF2A, and KIF3A) were decreased in the striatum, whereas retrograde motor proteins (dynein, dynamitin, and dynactin1) were increased. In contrast to reduced levels in the striatum, KIF1A and KIF2A levels were elevated in the SN. There were dramatic changes in cytoskeletal protein levels, with actin levels increased and ␣-/␥-tubulin levels reduced. In addition to these alterations, a neuroinflammatory response was observed at 8 weeks in the striatum, but not in the SN, demonstrated by increased levels of Iba-1, activated microglia and increased levels of proinflammatory cytokines, including IL-1␤, IFN-␥ and TNF-␣. These results demonstrate that changes in proteins relevant to synaptic transmission and axonal transport coupled with neuroinflammation, precede ␣-synuclein-mediated neuronal death. These findings can provide ideas for antecedent biomarkers and presymptomatic interventions in PD.
Introduction
␣-Synuclein has been extensively studied in the pathogenesis of Parkinson's disease (PD). Aggregation of ␣-synuclein in intracytoplasmic Lewy bodies is a key pathological feature of both sporadic and familial PD. In addition, duplication, triplication or mutations in the ␣-synuclein gene cause some forms of familial PD (Singleton et al., 2003) . Several groups have reported that viral delivery of human wild type or mutant (A53T or A30P) ␣-synuclein in rat causes progressive loss of dopaminergic (DA) neurons over 3 to 8 weeks (Kirik et al., 2002; Lo Bianco et al., 2002; Gorbatyuk et al., 2008) . It is, however, not yet clear how pathological forms or levels of ␣-synuclein modify the function of neurons affected.
Recent studies suggest that axonal transport disruption and axonal degeneration precede neuronal death, and may be causal to disease progression in neurodegenerative diseases including Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS), and Huntington's disease (HD) (Li et al., 2001; Fischer et al., 2004; Stokin et al., 2005) . In PD, axonal pathology has been observed in postmortem patient brain samples (Galvin et al., 1999 ) and a few in vitro studies have suggested that ␣-synuclein inhibits anterograde transport (Saha et al., 2004) and MPP ϩ toxicity inhibits anterograde and increases retrograde axonal transport (Morfini et al., 2007) . The role of neuroinflammation in disease progression in PD (Chen et al., 2005) and animal models has been highlighted by recent studies. For example, in the presence of a pre-existing PD-relevant insult, including 6-OHDA, loss of parkin or ␣-synuclein overexpression, induction of neuroinflammation synergistically worsens the disease process (Sánchez- Koprich et al., 2008) . However, whether ␣-synuclein overex-pression itself can cause neuroinflammation before neuronal degeneration in vivo, has not been clearly demonstrated.
In this study, we have used a model of slow ␣-synucleinopathy in rat using the recombinant adeno-associated virus 2 (AAV2)-mediated nigral delivery of A53T ␣-synuclein under a neuronspecific synapsin promoter. This model exhibits a protracted cell death pattern where DA neuronal death was observed at 17 weeks with loss of striatal dopamine by 24 weeks, much slower degeneration than other viral ␣-synucleinopathy models. Moreover, use of the synapsin promoter limited the effect of ␣-synuclein to neurons, enabling us to assess the effect of ␣-synuclein overexpression in neurons by excluding the potential action of ␣-synuclein in surrounding glial cells. Taking advantage of the protracted neurodegenerative process, we investigated predegenerative changes (at 4 weeks and 8 weeks) long before cell death and striatal dopamine loss, aiming to identify pathogenic changes that are most likely causal to the disease, and not a by-product of the cell death process. Our findings reveal that before neuronal loss, A53T ␣-synuclein overexpression causes (1) dystrophic and bulging axons; (2) an increase in the striatal dopamine metabolite DOPAC and the ratio of DOPAC/dopamine; (3) dynamic changes in levels of proteins involved in synaptic transmission and axonal transport, implicating disruption in these cellular processes, and (4) neuroinflammation in the striatum marked by activated microglia and an increase in cytokine levels.
Materials and Methods
Recombinant adeno-associated virus 2 preparation. The AAV2-A53T-␣-synuclein vector contains the coding sequence for the human ␣-synuclein gene under the control of a synapsin promoter. The virus was produced by Harvard Gene Therapy Initiative. The final titer for the vector encoding A53T-␣-syn was 1.8 ϫ 10 12 genome copies/ml, and green fluorescent protein (GFP), 1.5 ϫ 10 12 as determined by dot blot. AAV2 nigral injection. Female Sprague-Dawley rats weighing ϳ280 g (Charles River Laboratories) were used in the animal experiments. These experiments had previously been approved by the McLean Hospital Institutional Animal Care and Use Committee. Stereotaxic coordinates for the surgeries were taken from the "Rats Atlas" by Paxinos and Watson (1986) . Before surgery, the animals were anesthetized with xylazine and ketamine (3 mg/kg and 60 mg/kg, respectively). The animals were placed in a stereotaxic frame (Stoelting), where a 10 l Hamilton syringe and 31 gauge needles were used as a delivery system. All injections were made into the substantia nigra using the following anteroposterior (AP), mediolateral (ML), and dorsoventral (DV) coordinates: first site, AP ϭ Ϫ4.8 mm; ML ϭ Ϫ2.0 mm; DV ϭ Ϫ7.2 mm relative to dura, second site, APϭ-5.5 mm; MLϭ Ϫ1.9 mm, DV ϭ 7.0 mm relative to dura; toothbar (TB) set at Ϫ3.3 mm. Two microliters of AAV GFP or A53T ␣-synuclein was injected per site at a rate of 0.5 l/min using microinfusion pumps (Stoelting), with a wait time of 10 min between injection.
Tissue preparation for immunostaining. Animals were terminally anesthetized with an overdose of sodium pentobarbital (150 mg/kg, i.p.), and perfused intracardially with heparinized saline (0.1% heparin in 0.9% saline) followed by paraformaldehyde (4% in PBS). The brains were removed and postfixed for 8 h in 4% paraformaldehyde solution. Following postfixation, the brains were equilibrated in 20% sucrose in PBS, sectioned at 40 m on a freezing microtome, and serially collected in PBS.
Immunohistochemistry. All immunohistochemistry was performed on randomly selected series of sections. Sections were treated for 5 min in 3% hydrogen peroxide (Humco), washed three times in PBS, and incubated in 10% normal goat serum (NGS) and 0.2% Triton X-100 in PBS (PBS-T) for 1 h before overnight incubation at 4°C with the primary antibody diluted in 10% NGS and PBS-T. The primary antibodies used were rabbit anti-tyrosine hydroxylase (TH) (Pel Freez; 1:1000) and mouse anti-human ␣-synuclein (LB509, Zymed, 1:500). For light microscopy, biotinylated secondary antibodies (Vector Laboratories; 1:300) were used, followed by incubation in streptavidin-biotin complex (Vectastain ABC Kit Elite, Vector Laboratories) for 1 h at room temperature and visualized by incubation in 3,3Ј-diaminobenzidine (DAB) solution (Vector Laboratories). For immunofluorescence, actin (1:500, Sigma) or phalloidin (1:100, Molecular Probe) was used with Alexa 488, 564, and 647 as secondary antibodies (1:500, Invitrogen) for 1 h at room temperature. Confocal analysis was performed using a Zeiss LSM510/Meta station.
Tissue preparation for Western blot analysis. Animals were terminally anesthetized the same way described above and perfused intracardially with heparinized saline (0.1% heparin in 0.9% saline). Striatum and substantia nigra (SN) were hand-dissected on ice-cold surface, assisted by a tissue chopper. Striatal tissue samples were homogenized using hand-held Polytron homogenizer in ice-cold TEVP buffer, pH 7.4 [10 mM Tris-HCl, 5 mM NaF, 1 mM Na3VO4, 1 mM EDTA, 1 mM EGTA, 320 mM sucrose and protease inhibitors (Sigma P8340, 1:100)]. The homogenate was centrifuged at 800 ϫ g to separate P1 (nuclear and debris) and supernatant (S1) fraction. S1 fraction was centrifuged at 9200 ϫ g to separate P2 (membranous fraction) and S2 (cytosolic fraction). Protein concentrations were determined by BCA assay (Pierce).
Western blot analysis. 10ϳ20 g of protein from the tissue preparations were used to run a gel. The respective volumes were mixed 1:1 with sample buffer and then boiled for 5 min. After boiling, the samples were loaded into the Criterion precast 4ϳ15%, 10%, or 12.5% SDS polyacrylamide gel system (Bio-Rad). After the electrophoresis was completed, the proteins were transferred from the gel to a PVDF membrane electrically at 80 V for 1 h. Then, the membranes were washed in Tris-buffered saline with 0.1% Tween 20 (TBS-T). After at least 1 h of blocking in 5% nonfat dry milk, the membranes were incubated overnight at 4°C in various primary antibodies , dynactin1 (Novus,1:1000), ␣-tubulin (clone DM1A, Upstate; 1:5000), ␤-tubulin (Upstate; 1:5000), ␥-tubulin (clone GTU-88, Sigma; 1:5000), Actin (clone C-2, Santa Cruz; 1:500), neurofilament 160 (clone NN18, Sigma; 1:1000), neurofilament 200 (clone N52, Sigma; 1:1000), and GAPDH (Millipore Bioscience Research Reagents; 1:5000)]. Then, the membranes were incubated in HRP-conjugated secondary antibodies for 1 h at room temperature. After washing with TBS-T, ECL or ECL plus (Amersham Biosciences) was used to probe for immunoreactive bands and exposed to film using the Kodak Biomax film system. Optical density analysis (NIH ImageJ) was used to determine the relative abundance of protein in each sample.
Cell counting. Quantification of TH-positive neuronal number within the SN was performed using Stereo Investigator software (MBF Bioscience) and stereologic principles as previously described (Chung et al., 2007) . Briefly, the anterior and posterior boundaries of the SN included in the analysis were defined according to the area transduced by the rAAV-eGFP in preliminary experiments [ϳϪ4.80 mm through Ϫ6.00 mm from bregma (according to the rat brain atlas of Paxinos and Watson, 1986) ]. Stereology was performed using a Zeiss Axiovert microscope coupled to an Optronics Microfire digital camera for visualization of tissue sections. The coefficients of error were calculated according to the procedure of West (1993) , and values Ͻ0.10 were accepted.
HPLC analysis. Animals were terminally anesthetized the same way as described above and perfused intracardially with heparinized saline (0.1% heparin in 0.9% saline). Small pieces of dorsolateral striatum were hand-dissected on ice-cold surface, assisted by a tissue chopper. Tissue pieces were sent to CMN/KC Neurochemistry Core Laboratory in Vanderbilt University for HPLC analysis. The brain sections were homogenized in 200 -750 l of 0.1 M TCA, which contains 10 Ϫ2 M sodium acetate, 10 Ϫ4 M EDTA and 10.5% methanol, pH 3.8, using a tissue dismembrator (Fisher Scientific). Samples were spun in a microcentrifuge at 10,000 ϫ g for 20 min. The supernatant was removed and stored at -80 degrees. The pellet was saved for protein analysis. Supernatant was then thawed and spun for 20 min. Samples of the supernatant were then analyzed for biogenic monoamines and/or amino acids. Biogenic amines were determined by a specific HPLC assay using an Antec Decade II (oxidation: 0.5) electrochemical detector operated at 33°C. Twenty microliter samples of the supernatant were injected using a Water 717ϩ autosampler onto a Phenomenex Nucleosil (5 , 100A) C18 HPLC column (150 ϫ 4.60 mm). Biogenic amines were eluted with a mobile phase consisting of 89.5% 0.1 M TCA, 10 Ϫ2 M sodium acetate, 10 Ϫ4 M EDTA and 10.5% methanol, pH 3.8. Solvent was delivered at 0.8 ml/min using a Waters 515 HPLC pump. Using this HPLC solvent the following biogenic amines eluted in the following order: noradrenaline, Adrenaline, DOPAC, dopamine, 5-HIAA, HVA, 5-HT, and 3-MT. HPLC control and data acquisition were managed by Waters Empower software.
Multiplex ELISA. Tissue samples were collected and suspended in lysis buffer (TPER). In addition, phosphatase inhibitors I-II (1:100) and protease inhibitors (1:100) were added fresh before cell lysis (Sigma-Aldrich, P2850, P5276, and P8340 respectively). Following cell lysis, the homogenate was centrifuged, a portion of the supernatant was reserved for protein determination (BCA Assay, Pierce) and the remaining stored at Ϫ20°C. Samples were analyzed for the simultaneous detection of cytokines, chemokines and receptors using a multiplex ELISA based format and performed in duplicate. Testing was performed independently through the Searchlight Testing Service (Pierce, ThermoFisher Scientific).
Results
A rat model of ␣-synucleinopathy using AAV2 mediated A53T ␣-synuclein overexpression under a neuron-specific synapsin promoter Using AAV2 mediated A53T ␣-synuclein delivery under a neuron-specific synapsin promoter, we established a model of ␣-synucleinopathy in rat. In this model, the majority of DA neurons in the SN were transduced with human A53T ␣-synuclein, demonstrated by human ␣-synuclein-specific antibody staining ( Fig. 1 A-E) . This resulted in robust human ␣-synuclein-positive Figure 1 . AAV mediated A53T ␣-synuclein overexpression. A-E, At 4 weeks after AAV injection, human ␣-synuclein expression was detected in the SN area and was colocalized with TH-positive neurons. F, Human ␣-synuclein was highly expressed in the dorsolateral striatum where transduced DA neurons project their synaptic terminals. G, H, Many ␣-synuclein overexpressing axons showed swollen and bulging morphology compared with GFP expressing axons in the control striatum starting at 4 weeks and maintained till later stages (supplemental Fig. 1 D, available at www.jneurosci.org as supplemental material). I, J, A53T ␣-synuclein overexpression resulted in a loss of TH-positive cells at 17 (32 Ϯ 8%) and 24 (56.3 Ϯ 3%) weeks compared with GFP overexpression. K, L, HPLC analysis in the striatal tissue demonstrated DOPAC content was significantly increased in the A53T ␣-synuclein overexpressing striatum at 4, 8, and 17 weeks (L) without changing dopamine (DA) content at these times (K ). Striatal DA content was reduced only at 24 weeks after A53T ␣-synuclein overexpression (K ). M, DOPAC/DA ratios were increased in A53T ␣-synuclein overexpressing striatum at 8, 17, and 24 weeks. Data are shown as means Ϯ SEM (AAV GFP, n ϭ 10ϳ12; AAV ␣-synuclein, n ϭ 12ϳ15; *p Ͻ 0.05; **p Ͻ 0.01 two-tail t test).
staining of the entire dorsolateral striatum by 4 weeks post AAV injection (Fig. 1 F) . Intensity of the human ␣-synucleinpositive staining in the striatum was maintained till 17 weeks but reduced by 24 weeks due to degeneration of DA terminals (supplemental Fig. 2 B, available at www.jneurosci.org as supplemental material). The intensity of the AAV GFP staining in the striatum, however, was maintained until 24 weeks (supplemental Fig.  2 A, available at www.jneurosci.org as supplemental material), demonstrating that the transgene expression by AAV2 is robust and maintained until 24 weeks. While there was no reduction of TH-positive neurons and no apparent loss of presynaptic terminals in 4 and 8 weeks as determined by immunohistochemistry and Western blot analysis (Fig. 1 J; supplemental Fig. 1 A, available at www.jneurosci.org as supplemental material), there was extensive fiber pathology including dystrophic and bulging neurites in the striatum of A53T ␣-synuclein injected rats (Fig.  1G,H ) . AAV A53T ␣-synuclein transduction produced a 32 Ϯ 8% and a 56.3 Ϯ 3% loss of DA neurons at 17 and 24 weeks, respectively, compared with AAV GFP injection ( Fig. 1 I, J ) . Reduction of THpositive neurons at 24 weeks was accompanied by the loss of NeuN-positive cells, demonstrating that neuronal death has occurred by this time (supplemental Fig.  1 E, F, available at www.jneurosci.org as supplemental material). Loss of striatal DA tissue content was only accompanied at 24 weeks (Fig. 1K) . Striatal tissue DOPAC content was increased by A53T ␣-synuclein overexpression at 4, 8, and 17 weeks (Fig.  1L) . The DOPAC content, however, was reduced at 24 weeks (Fig. 1L ) probably due to significant loss of DA terminals (Fig. 1K) . The ratios of DOPAC/dopamine were increased at 8, 17, and 24 weeks (Fig. 1M) , suggesting an increase in dopamine turnover.
Four weeks post AAV2 A53T ␣-synuclein injections
Since ␣-synuclein is highly expressed in presynaptic terminals and its overexpression causes axon pathology, we investigated the levels of various presynaptic proteins in the striatum by Western blot analysis. At 4 weeks post AAV A53T ␣-synuclein injection, a majority of synaptic proteins measured including synaptophysin, synapsin, synaptotagmin, syntaxin1a, munc-18, and RAB3A remained unchanged (Fig. 2 A, B) . However, levels of Rabphilin 3A, were mildly but significantly increased by 4 weeks (Fig. 2 A, B) . Since axonal transport defects have previously been shown to be causal to the type of axonal abnormalities observed here (Stokin et al., 2005) , we investigated the expression levels of transport motor and cytoskeletal proteins in the striatum overexpressing GFP or A53T ␣-synuclein. Among anterograde transport microtubule motor proteins, KIF3A levels were mildly but significantly increased whereas KIF17 levels were significantly reduced (Fig. 2C,D) . Levels of the retrograde transport microtubule motor protein, dynein were significantly decreased by A53T ␣-synuclein overexpression (Fig.  2C,D) while levels of dynamitin, a part of the dynactin complex which activates dynein function, was not altered (Fig.  2C,D) . Levels of myosin Va, an actin based motor protein, were slightly increased (Fig. 2C,D) . Among cytoskeletal proteins, actin levels were significantly increased in the ␣-synuclein overexpressing striata (Fig. 2C,D) .
Eight weeks post AAV2 A53T ␣-synuclein injections
The presynaptic protein, rabphilin3A, which was increased at 4 weeks, was reduced by 8 weeks (Fig. 3 A, B) . Syntaxin levels were Figure 2 . Striatal changes in the levels of proteins involved in synaptic transmission and axonal transport at 4 weeks after AAV ␣-synuclein injection. Western blot was performed using membrane fraction (P2) of striatal lysate to measure levels of proteins involved in synaptic transmission. Among these proteins, rabphilin 3A levels were mildly increased (A, B). Western blot was performed using total lysate (T) of the striatum to measure levels of protein involved in axonal transport. KIF3A, myosin Va and actin levels were increased, whereas KIF17 and dynein levels were reduced (C, D). Optical densities of the individual bands were quantified using NIH ImageJ. Optical densitiesof␣-synucleinoverexpressingconditionswerenormalizedbytheaveragedvalueofGFPexpressingcondition.Dataareshownas mean Ϯ SEM (AAV GFP, n ϭ 4ϳ6; AAV A53T ␣-synuclein, n ϭ 4ϳ6; *p Ͻ 0.05 two tail t test).
also reduced by A53T ␣-synuclein overexpression at this time ( Fig. 3 A, B) . Overall, most of the synaptic proteins examined were not changed at 8 weeks. In contrast to presynaptic proteins, overexpression of A53T ␣-synuclein produced marked and extensive changes in the levels of transport motor and cytoskeletal proteins (Fig. 3C,D) . Microtubule based motor proteins including KIF1A, KIF1B, KIF2A, and KIF3A showed dramatic reductions in expression levels, whereas levels of KIF5 remained unchanged. KIF17 levels, which were reduced by 4 weeks, were no longer different from the striatal levels of GFP expressing controls. Myosin Va, which was slightly increased at 4 weeks, was reduced by 8 weeks. In contrast to the anterograde transport motor proteins, levels of retrograde transport proteins including dynein, dynactin1 (p150 Glued ) and dynamitin (p50) were increased by 8 weeks.
Cytoskeletal proteins were dramatically altered by A53T ␣-synuclein overexpression at 8 weeks. ␣-tubulin and ␥-tubulin levels were strikingly reduced, whereas ␤-tubulin levels were not altered by A53T ␣-synuclein overexpression. One of the intermediate filaments, neurofilament 160 exhibited increased expression in the A53T ␣-synuclein overexpressing group. The increase in actin levels seen at 4 weeks was augmented by 8 weeks post AAV injection. Triple (human ␣-synuclein/TH/actin) immunostaining results revealed corresponding increased staining of actin in ␣-synuclein positive DA terminals (Fig. 4 A) . The actin increase was most prominent in dystrophic and swollen axons (Fig. 4 A) . These bulging axons were also positive for phalloidin, suggesting an accumulation of F-actin (Fig. 4 B) .
In contrast to the results in the striatum, the expression levels of most of these proteins were not altered in the SN (Fig.  5 A, B) , suggesting that the decreased protein levels seen in the striatum was not a result of general reduction of protein production in the cell body, but most likely due to trafficking disruption. In addition, levels of KIF1A and KIF2A were significantly increased in the A53T ␣-synuclein overexpressing SN, indicating that transport of KIF1A and KIF2A to the presynaptic terminals was disrupted, causing accumulation of these proteins in the SN (Fig.  5 A, B) .
Levels of Iba-I, a marker for microglia, were also increased in the striatum but not in the SN overexpressing A53T ␣-synuclein at 8 weeks, as determined by Western blot analysis (Fig. 6 A, B) . These results were confirmed by immunohistochemistry, showing that the intensity of Iba-I staining was augmented in the ␣-synuclein overexpressing striatum (Fig.  6C) . Moreover, the Iba-I positive microglia were activated as evident by their larger soma with short swollen processes compared with the elongated and needle-like shape in the GFP expressing control striatum (Fig. 6C) . However, microglial morphology in SN was not different between GFP and A53T ␣-synuclein overexpressing rats (supplemental Fig.  3B , available at www.jneurosci.org as supplemental material). In accordance with these results, levels of proinflammatory cytokines, IL-1␤, interferon (IFN)-␥ and TNF-␣ were significantly elevated in ␣-synuclein overexpressing striatum at 8 weeks whereas cytokine levels were not altered in the SN (Fig. 6D) . Activated morphology of microglia was maintained in the A53T ␣-synuclein overexpressing striatum at 24 weeks (supplemental Fig. 3B , available at www. jneurosci.org as supplemental material). Striatal changes in the levels of proteins involved in synaptic transmission and axonal transport at 8 weeks post AAV ␣-synuclein injection. Western blot was performed using membrane fraction (P2) of striatal lysate to measure levels of proteins involved in synaptic transmission. Among these proteins, rabphilin 3A and syntaxin levels were reduced (A, B). Western blot was performed using total lysate (T) of the striatum to measure levels of protein involved in axonal transport. Levels of anterograde transport motor proteins including KIF1A, KIF1B, KIF2A, KIF3A and myosin Va were markedly decreased, whereas levels of retrograde transport motor proteins including dynein, dynamitin and dynactin1 were dramatically increased (C, D). Levels of cytoskeletal proteins such as actin, neurofilaments, ␣-tubulin and ␥-tubulin, were altered (C, D). Optical densities of the individual bands were quantified using NIH ImageJ. Optical densities of ␣-synuclein overexpressing conditions were normalized by the averaged value of GFP expressing condition. Data are shown as mean Ϯ SEM (AAV GFP, n ϭ 4ϳ6; AAV A53T ␣-synuclein, n ϭ 4ϳ6; *p Ͻ 0.05 two tail t test).
Discussion
We demonstrated that levels of proteins involved in synaptic transmission, axonal transport, and neuroinflammation, are altered by overexpression of A53T␣-synuclein at early stages of disease progression before neuronal loss predominates. By studying the predegenerative process, we believe that the critical pathophysiological changes potentially causal to the disease progression can be identified without being confounded by cell death related events.
A53T ␣-Synuclein-mediated changes in levels of proteins involved in synaptic transmission Over the course of the rat ␣-synucleinopathy, we detected a decrease in levels of proteins involved in synaptic vesicle exocytosis, including rabphilin 3A and syntaxin, by 2 months. Interestingly, rabphilin 3A levels were also reduced in an early degenerative state of HD and a mouse model of HD (Smith et al., 2005 (Smith et al., , 2007 , suggesting an involvement of this protein in common neurodegenerative disease processes. Syntaxin is a part of the SNARE complex, and involved in exocytosis of synaptic vesicles. In accordance with our findings, levels of syntaxin were also dramatically reduced in brains of DLBD compared with control human cases (Kramer and SchulzSchaeffer, 2007) . Thus, these results provide potential components of synaptic vesicle exocytosis that may be affected by ␣-synucleinopathy. Given the role of rabphilin 3A and syntaxin in synaptic transmission and exocytosis, our findings indicates that an impairment of synaptic transmission and exocytosis occurs early on in the ␣-synuclein mediated degenerative process, causing disruption in neuronal circuitry.
Characterization of striatal tissue at different times after ␣-synuclein overexpression revealed dynamic changes in presynaptic and axonal transport related proteins. For example, levels of rabphilin3A, KIF3A and myosin Va were elevated at 4 weeks followed by a reduction at 8 weeks. Dynein, in contrast, was reduced at 4 weeks but increased at 8 weeks. Thus, at 4 weeks, the direction of the changes in these protein levels opposed the changes observed at 8 weeks, raising the possibility that compensatory changes occurred at 4 weeks to counteract the effects of A53T ␣-synuclein overexpression. It is plausible that such compensatory mechanisms were overcome by 8 weeks with progression of the disease process.
␣-Synuclein-mediated neurochemical changes included increases in levels of DOPAC, a metabolite of dopamine, and altered DOPAC/dopamine ratios long before loss of dopamine in the striatum. Unlike the situation where DA terminals are acutely lost by toxins, which precipitously lower DA levels and cause DA transmission and turnover to increase in remaining terminals (Apicella et al., 1990) , our data show that in predegenerative stages, A53T ␣-synuclein overexpression caused DOPAC levels to increase without loss of DA levels. Total DA tissue content measured by HPLC primarily reflects vesicular DA content in presynaptic terminals. We reason that based on our own observation, at presymptomatic stage, dystrophic DA terminals in the A53T ␣-synuclein overexpressing striatum are likely dysfunctional in DA transmission (Peschanski and Besson, 1987; Peschanski and Isacson, 1988) but still contain DA in synaptic vesicles since terminals are not lost. At the same time, remaining functional terminals will compensate for suboptimal DA release in synapses by increasing DA turnover, which will in turn increase DOPAC levels. This will result in increased DOPAC content without loss of DA content. These results suggest that, as reported in other models of PD, DOPAC levels and DOPAC/DA ratios may be important indicators of DA terminal dysfunction and predegenerative changes in ␣-synucleinopathy.
A53T ␣-Synuclein-mediated changes in levels of proteins involved axonal transport Several anterograde transport motor proteins that carry synaptic vesicles (KIF1A, KIF1B, and myosin Va) and other cargo containing vesicles (KIF2A and KIF3A) to synaptic terminals were markedly reduced by A53T ␣-synuclein overexpression in the striatum, whereas retrograde transport proteins were upregulated at synaptic terminals. Moreover, some of the reduced motor proteins in the striatum such as KIF1A and KIF2A showed increased levels in the SN, suggesting that reduction of axonal transport for these motor proteins produced an accumulation of such proteins in the cell body region. These findings can be explained by reduction in anterograde axonal transport of certain cargoes in parallel with an increase in retrograde axonal transport, producing accumulation of cargoes in the cell body region. In effect, this would increase the total protein degradation burden in the cell body ( Petrucelli et al., 2002; McNaught et al., 2003) . Similar axonal transport defects to those mentioned have been reported in an MPP ϩ toxin model of PD (Morfini et al., 2007 ) and a mouse model of AD (Stokin et al., 2005) . Stokin et al. also demonstrated axonopathy and transport defects early in the pathogenesis of AD cases and that axonal transport deficits are potentially causal to disease progression (Stokin et al., 2005) . In vitro evidence showed that reduction in the anterograde motor protein, kinesin-1 produced a decrease in anterograde transport, and an increase in retrograde transport of amyloid precursor protein (Stokin et al., 2005) . In this context, the dramatic reduction of several anterograde motor proteins along with increases in levels of retrograde transport motor proteins in the striatum suggest that elevated levels of ␣-synuclein may shift the axonal transport balance to the retrograde direction, causing abnormal accumulation and aggregation of proteins in the cell body, potentially causing formation of Lewy bodies in the cell body regions. The fact that axonopathy and axonal transport deficit have been observed in other models of PD and neurodegenerative diseases (Szebenyi et al., 2003; Stokin et al., 2005; Morfini et al., 2007) , indicates that disrupted axonal transport is an important part of several neurodegenerative processes (Szebenyi et al., 2003; Stokin et al., 2005; Morfini et al., 2007) . Although observed changes levels of transport motor proteins support axonal transport disruption in this model, we cannot exclude the possibility that reduction and accumulation of the certain protein levels observed in the striatum and the SN, may be due to the imbalance in protein degradation and synthesis rather than axonal transport deficit.
A53T ␣-Synuclein-mediated changes in levels of cytoskeletal proteins In addition to the changes in the transport motor proteins, another striking outcome of A53T ␣-synuclein overexpression was changes seen in all categories of cytoskeletal proteins; microtubule, intermediate filaments such as neurofilaments, and actin. Alteration of ␣-tubulin has been shown to diminish the transport of a microtubule based motor protein, KIF1A and its cargo, synaptic vesicles to synaptic terminals, causing an impaired synaptic transmission (Ikegami et al., 2007) . Therefore, the reduction in ␣-tubulin levels seen in the striatum following ␣-synuclein overexpression could contribute to the transport deficit of KIF1A and other microtubule based motor proteins, producing reduction of their protein levels observed in the striatal synaptic terminals. The transport defect on KIF1A caused by ␣-synuclein overexpression would diminish synaptic vesicle transport to synaptic terminals, and in turn disrupt dopaminergic synaptic transmission to medium spiny GABAergic neurons in the striatum. Recent studies also suggest a link between ␣-synuclein and tubulin: oligomeric ␣-synuclein inhibits tubulin polymerization (Chen et al., 2007) . Interestingly, tubulin changes observed in our model were limited to ␣-and ␥-tubulin, leaving ␤-tubulin unaffected, suggesting the presence of specificity on ␣-synucleinmediated tubulin changes rather than generalized disruption of tubulin. This may reflect why some tubulin based motor proteins were affected by ␣-synuclein overexpression while others were not.
An increase in actin levels in the striatum was observed as early as 1 month post AAV ␣-synuclein injection when axon pathology emerges. The increase in levels was far more prominent at later stages of the ␣-synucleinopathy, and immunostaining results demonstrated that dystrophic axons were sites of actin accumulation, including the stabilized forms of actin, F-actin. Intriguingly, studies in yeast have demonstrated that increases in actin stabilization causes depolarization of the mitochondrial membrane and an increase in reactive oxygen species (ROS) production, resulting in cell death (Gourlay et al., 2004) . Decreasing actin stabilization, in contrast, lowered levels of ROS, increasing the lifespan of yeast by 65% (Gourlay et al., 2004) . Moreover, accumulation of F-actin was observed in both a drosophila and mouse model of tauopathy, and reduction of F-actin levels decreased tau-induced neurodegeneration in the drosophila model of tauopathy (Fulga et al., 2007) . These results suggest that the early and persistent increase in actin levels in our model may be causally related to ␣-synuclein-mediated neurodegeneration.
A53T ␣-Synuclein-mediated neuroinflammation
Although many recent studies demonstrate that neuroinflammation aggravate degenerative processes in models of PD, including ␣-synuclein transgenic mice (Gao et al., 2008) , it is unclear that expression of ␣-synuclein in DA neurons itself causes neuroin- Figure 5 . Nigral changes in proteins involved in axonal transport at 8 weeks post AAV ␣-synuclein injection. Western blot was performed using total lysate (T) of the SN to measure levels of protein involved in axonal transport. Levels of KIF1A and KIF1B were increased in the ␣-synuclein overexpressing SN. Optical densities of the individual bands were quantified using NIH ImageJ. Optical densities of ␣-synuclein overexpressing conditions were normalized by the averaged value of GFP expressing condition. Data are shown as mean Ϯ SEM (AAV GFP, n ϭ 4ϳ6; AAV A53T ␣-synuclein, n ϭ 4ϳ6; *p Ͻ 0.05 two tail t test).
flammation in vivo. Our model demonstrates that an increase in activated microglia by ␣-synuclein overexpression at an early degenerative stage, suggesting that neuroinflammation is involved early in the disease progression of ␣-synucleinopathy rather than a result triggered by cell death. These data provide evidence that exclusive expression of A53T ␣-synuclein only in DA terminals in the striatum by the synapsin promoter-driven neuronal expression in the SN, is sufficient to create microglial activation over time, which will in turn aggravate on-going neurodegeneration. Cytokines that were elevated in ␣-synuclein overexpressing striatum (IL-1␤, IFN-␥ and TNF-␣), are also known to be increased in PD patients, supporting that this ␣-synucleinopathy model closely recapitulates certain aspects of PD (Roodveldt et al., 2008) . Importantly, although AAV ␣-synuclein was injected into the SN, the activation of microglia appears to start at DA terminal in the striatum rather than cell bodies in the SN. This observation as well as early signs of axonopathy raises an intriguing possibility that ␣-synuclein-mediated pathology may start at synaptic terminals and move onto cell bodies, creating a "dying-back" phenomenon.
Together, our data demonstrate that levels of proteins involved in synaptic vesicle exocytosis, axonal transport and neuroinflammation, are altered in a rat model of ␣-synucleinopathy long before cell death occurs. We believe that such early pathophysiological changes may provide valuable information about mechanisms that initiate cellular dysfunction leading to degeneration. Therefore, this approach may also yield clues to biomarkers for early degenerative stages, extending a window for potential early and disease-modifying treatment of neurodegenerative diseases.
